Vascular endothelial cell senescence is a leading cause of age-associated and vascular diseases. Mammalian target of rapamycin complex 2 (mTORC2) is a conserved serine/threonine (Ser/Thr) protein kinase that plays an important regulatory role in various cellular processes. However, its impact on endothelial senescence remains controversial. In this study we investigated the role and molecular mechanisms of mTORC2 in endothelial senescence. A replicative senescence model and H 2 O 2 -induced premature senescence model were established in primary cultured human umbilical vein endothelial cells (HUVECs). In these senescence models, the formation and activation of mTORC2 were significantly increased, evidenced by the increases in binding of Rictor (the essential component of mTORC2) to mTOR, phosphorylation of mTOR at Ser2481 and phosphorylation of Akt (the effector of mTORC2) at Ser473. Knockdown of Rictor or treatment with the Akt inhibitor MK-2206 attenuated senescence-associated β-galactosidase (β-gal) staining and expression of p53 and p21 proteins in the senescent endothelial cells, suggesting that mTORC2/ Akt facilitates endothelial senescence. The effect of mTORC2/Akt on endothelial senescence was due to suppression of nuclear factor erythroid 2-related factor 2 (Nrf2) at the transcriptional level, since knockdown of Rictor reversed the reduction of Nrf2 mRNA expression in endothelial senescence. Furthermore, mTORC2 suppressed the expression of Nrf2 via the Akt/GSK-3β/C/EBPα signaling pathway. These results suggest that the mTORC2/Akt/GSK-3β/C/EBPα/Nrf2 signaling pathway is involved in both replicative and inducible endothelial senescence. The deleterious role of mTORC2 in endothelial cell senescence suggests therapeutic strategies (targeting mTORC2) for aging-associated diseases and vascular diseases.
INTRODUCTION
Vascular endothelial cells play a pivotal role in regulating vascular hemostasis, vascular tone and permeability, angiogenesis, and inflammation [1] . In various physiological and pathophysiological processes, including aging, hypertension, atherosclerosis, and diabetes, endothelial cells develop accelerated senescence and become dysfunctional [2, 3] . These senescent endothelial cells are characterized by increased expression of senescence-associated β-galactosidase (SA-β-gal); cell cycle arrest, which is reflected as augmented expression of cyclin-dependent kinase inhibitors, such as p53 and p21 [4] ; and telomere attrition and reduced telomerase activity [5, 6] . Endothelial senescence and dysfunction promote the progression of vascular diseases, such as atherosclerosis, ultimately raising the cardiovascular risk [7] [8] [9] . Thus, therapies that target endothelial cell senescence have important clinical implications [10] .
Target of rapamycin (TOR) is a highly conserved protein kinase that senses and integrates environmental and intracellular nutrients and growth factor signals to regulate basic cellular and organismal responses, such as cell growth, proliferation, and apoptosis [11] . Mammalian TOR (mTOR) exists as two structurally and functionally distinct protein complexes: mTORC1 and mTORC2. mTORC1, which contains mTOR, Raptor (a regulatory protein associated with mTOR), and mammalian lethal with Sec13 protein 8 (mLST8, also known as GßL), is sensitive to the immunosuppressive and anticancer drug rapamycin [12] [13] [14] . By contrast, mTOR interacts with mLST8 and Rictor (a rapamycininsensitive companion of mTOR) and forms the rapamycininsensitive mTORC2 [15, 16] . In addition to their structures, these two complexes differ in their functions as they regulate various downstream targets. mTORC1 mainly phosphorylates p70S6 kinase 1 (S6K1) and eIF4E-binding protein (4EBP), which stimulate transcription, ribosome biogenesis, translation initiation, nutrient uptake, and autophagy in response to the abundance and quality of available nutrients [17] . mTORC2 phosphorylates several members of the protein kinase (PK)A/PKG/PKC (AGC) family, among which Akt is the most important substrate due to its key role in insulin/PI3K signaling [11, 15] . Since it was first discovered in 2004 [16] , the role of mTORC2 in various aspect of cellular processes, such as cytoskeleton rearrangement, glucose metabolism, and cell migration [11, 15, 18] , has drawn increasing attention.
A growing list of evidence suggests that mTOR signaling has a critical impact on regulating lifespan and cellular senescence [19] [20] [21] . Most studies focus on the effect of the mTORC1/S6K1 signaling pathway on senescence, as inhibition of mTORC1 or deletion of the mTORC1 substrate S6K1 increases lifespan [19] [20] [21] . mTORC1/S6K1 can activate the RAS signal to upregulate the cell cycle repressors p53, p21 and p16, ultimately contributing to cell senescence [22] [23] [24] . In endothelial senescence, mTORC1-S6K1 signaling plays a causative role in endothelial nitric oxide synthase uncoupling [25] and coagulation factor tissue factor expression [26, 27] . Unlike mTORC1, whose role in endothelial senescence has been well documented, the regulatory mechanisms and functions of mTORC2 are less well characterized. According to limited published reports, mTORC2 appears to play a controversial role in endothelial cell senescence. Activation of the mTORC2/Akt signaling pathway by 14,15-epoxyeicosatrienoic acid delayed endothelial senescence and recovered age-induced endothelial dysfunction [18] . By contrast, activation of mTORC2/Akt by arginase 2 was reported to accelerate endothelial cell senescence and atherosclerotic plaque formation through activating mTORC1-RPS6KB1/S6K1 and thus suppressing endothelial autophagy [28] . Likewise, long-term activation of mTORC2/Akt signaling by diet-induced obesity leads to vascular senescence [29] . In summary, the exact role of mTORC2 in endothelial senescence has not been fully explored and remains poorly understood.
The present study aimed to investigate the regulatory role and mechanisms of the mTORC2/Akt signaling pathway in stressinduced premature endothelial senescence (SIPS) and replicative endothelial senescence, and to elucidate the possibility that strategies targeting the mTORC2/Akt signaling pathway might influence endothelial senescence and suggest therapeutic potential for vascular diseases.
MATERIALS AND METHODS

Cell culture
Human umbilical cords were obtained from the Maternity Department at the First Affiliated Hospital of Sun Yat-sen University. Human umbilical vein endothelial cells (HUVECs) were isolated by digesting human umbilical veins using trypsin and were then maintained in endothelial cell medium (ECM) with 5% fetal bovine serum (Sciencell, San Diego, CA, USA) at 37°C in a humidified 5% CO 2 incubator. For treatment, cells were seeded on plates with medium containing 20% ECM and 80% Medium 199. Cells from four to eight passages were used for H 2 O 2 -induced cell senescence experiments, while cells at passage 3 (P3) and passage 11 (P11) were, respectively, utilized as young groups and senescence groups for the replicative senescence experiment. The Akt inhibitor MK-2206 2HCl was purchased from Selleck Chemicals (Houston, TX, USA).
SA-β-gal assay To assess the SA-β-gal activity of cells, a β-Galactosidase Staining Kit (Beyotime, Haimen, China) was used. Cells were washed three times with warm phosphate-buffered saline, fixed with fixative solution, and finally incubated for 12-24 h with the staining solution mix at 37°C. The SA-β-gal activity of HUVECs was measured according to the percentage of stained cells and the total cell number counted under a microscope.
Western blot analysis Cell samples were extracted by radio-immunoprecipitation assay buffer and phenylmethanesulfonyl fluoride and then quantified using a BCA protein assay kit (Thermo Fisher, Rockford, IL, USA). Protein samples with equal loading quantities were separated by SDS-polyacrylamide gel electrophoresis and then blotted onto polyvinylidene difluoride membranes. The membrane was blocked with 5% skimmed milk for 1-2 h at room temperature, after which it was incubated with primary antibodies overnight at 4°C and with horseradish peroxidase-conjugated secondary antibodies for 1.5 h at room temperature. Finally, chemiluminescence reagents were used. Blots were visualized by a GE ImageQuant LAS 4000 mini and analyzed by ImageJ software (National Institutes of Health, USA).
Antibodies against mTOR, p-mTOR (Ser2481), Rictor, Akt, p-Akt (Ser473), GSK-3β, C/EBPα, and p-C/EBPα (Thr222/226) were purchased from Cell Signaling Technology (Boston, MA, USA). An antibody against p-GSK-3β (Ser9) was purchased from Bioworld Technology (St. Louis Park, MN, USA). The antibody against Nrf2 was purchased from Santa Cruz (Dallas, TX, USA). Antibodies against p21, p53, and β-actin were from Proteintech Group (Chicago, IL, USA).
Immunoprecipitation
Cells were lysed by immunoprecipitation (IP) lysis buffer, and 300 µg of proteins was incubated with the mTOR antibody (1:50) overnight at 4°C with rotation, while the control groups were incubated with rabbit IgG (0.2 μL). Then, Protein A-Sepharose beads were combined with the antibody and/or IgG and incubated for 4 h at 4°C with rotation. Proteins combined with the antibody were released from beads by wash buffers. Then, Western blotting was performed to detect whether the binding of mTOR and Rictor was altered in treatment groups compared to control groups.
Small-interfering RNAs and transient transfection Small-interfering RNAs (siRNAs) for the negative control (nonspecific siRNA), Rictor, Nrf2, and C/EBPα were purchased from RIBBIO (RIBBIO, Guangzhou, China). HUVECs were first seeded in 60 mm plates for 24 h, and then, transfections were performed when cells were 50-60% confluent. The final concentration of siRNA was 50 nM, except when noted otherwise. After 5 h, the transfection medium was removed, and 2 mL of 20% ECM was added to support cell growth. After further treatment, cells were harvested for distinct experiments.
Quantitative real-time polymerase chain reaction Total RNA was extracted from HUVECs using TRIzol reagent (Takara Biotechnology, Dalian, China), and cDNA was synthesized from 1 μg of total RNA in a reverse-transcribing reaction (Thermo RevertAid First Strand cDNA Synthesis Kit). The mRNA expression levels of each sample reflected according to the cycle time (Ct) values were determined using a SYBR-Green Quantitative PCR kit (TOYOBO, Japan) with an iCycler iQ system (iCycler, Bio-Rad, Hercules, CA, USA). Human-specific primers for Nrf2, C/EBPα, and Rictor were synthesized by Sangon (Shanghai, China). GADPH served as an endogenous control.
Statistics analysis
All experiments were performed at least three independent times. Differences between two groups were assessed by Student's t test. Differences among three or more than three groups were evaluated by one-way analysis of variance with the Bonferroni post hoc test. All statistical analyses were performed using GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA). P < 0.05 was considered statistically significant.
RESULTS
Integrity and activity of mTORC2 were elevated in endothelial senescence To determine the exact role of mTORC2 in endothelial cell replicative senescence and SIPS, we first established two mTORC2 facilitates endothelial senescence via Nrf2 HW Yang et al.
senescent endothelial cell models. Primary cultured HUVECs at the eleventh passage (P11) were used as replicative senescent endothelial cells, while P3 cells were used as the young control. SIPS was induced by a 100 μM H 2 O 2 treatment for 1 h, followed by incubation with complete culture medium for 2 days. As shown in Figs. 1a, b and 2a, b, the ratio of SA-β-gal-positive cells and protein expression of p21, typical markers of aging endothelial cells, were both increased in these two models. In these two senescent endothelial cell models, mTORC2 complex integrity was detected by co-IP. Notably, the interactions of mTOR and Rictor were significantly exaggerated in both senescent models (Figs. 1d and 2d), without altering their own expression (Figs. 1c and 2c), suggesting that the formation of mTORC2 is augmented in endothelial senescence. In addition, phosphorylation of mTOR Ser2481, a marker of intact mTORC2 [30] , was also increased compared to that of the control groups (Figs. 1c and 2c). Furthermore, phosphorylation of Akt on Ser473, the downstream effector of mTORC2 as a serine kinase, was upregulated (Figs. 1e and 2e). These observations suggest that the formation and activation of mTORC2 are enhanced during endothelial cell replicative senescence and SIPS.
Repression of mTORC2 formation alleviated endothelial senescence Next, the effect of mTORC2 on endothelial senescence was investigated. Since mTORC2 is insensitive to acute rapamycin treatment and specific inhibitors of mTORC2 are currently not commercially available, siRNA interference of Rictor was used to repress the formation of mTORC2 and to block its activity. The inhibitory efficiency of Rictor siRNA in Rictor expression was tested by Western blotting. As shown in Fig. 3a , Rictor siRNA at concentrations above 50 nM effectively decreased the protein expression of Rictor. Cells transfected with Rictor siRNA exhibited a decrease of mTOR phosphorylation at Ser2481, accompanied by decreased Rictor protein expression (Fig. 3b) . As the downstream Fig. 1 Integrity and activity of mTORC2 were elevated in stress-induced senescence. HUVECs (P4-P6) were incubated with 100 μM H 2 O 2 for 1 h to cause stress-induced senescence and subsequently cultured in complete medium for 48 h before harvest. a The control group and H 2 O 2 -induced senescent group were subjected to β-gal staining and b immunoblotting to determine the p21 protein level, n = 3. c Western blotting analysis for the detection of expression of mTOR, Rictor, and p-mTOR-S2481, n = 4. d Co-immunoprecipitation was performed to detect the interactions between mTOR and Rictor, n = 3. e Detection of the expression of p-Akt-S473 and Akt by Western blotting, n = 4. β-Actin served as the loading control. The bar graphs show the expression levels. Data are shown as the means ± S.E.M. *P < 0.05, ***P < 0.001 vs. control group signaling pathway of mTORC2 activation, the phosphorylation level of Akt on Ser473 was reduced by Rictor depletion, whereas the total expression of Akt was not altered (Fig. 3c) . Importantly, transfection of Rictor siRNA ameliorated endothelial senescence induced by H 2 O 2 or replicative senescence in a dose-dependent manner, judging from the results of SA-β-gal staining and the expression of endothelial cell senescent markers p53 and p21 ( Fig. 3d-g ). Taken together, these observations indicate that decreases of the mTORC2 integrity and activity by Rictor knockdown might alleviate endothelial senescence.
Inhibition of Akt prevented endothelial senescence Because mTORC2 directly activates Akt through phosphorylation at Ser473 [31] , the effect of mTORC2 on endothelial senescence was further evaluated using a specific inhibitor of Akt, MK-2206, to block the downstream signal of mTORC2. First, the inhibitory efficiency of MK-2206 in Akt activity was tested. MK-2206 at concentrations above 500 nM effectively diminished the phosphorylation level of Akt at Ser473 (Fig. 4a) . Additionally, MK-2206 treatment reversed Akt activation induced by H 2 O 2 without affecting its total expression (Fig. 4b ). These observations imply that MK-2206 could abolish mTORC2/Akt signaling. Second, the effects of MK-2206 on replicative endothelial senescence and SISP were investigated. MK-2206 at concentrations of 500 nM, 1 μM, or 3 μM significantly decreased the percentage of SA-β-gal-positive cells in both H 2 O 2 -treated cells and cells at passage 11 (Fig. 4c, d ).
Meanwhile, MK-2206 treatment downregulated the p53 and p21 protein levels in both senescent endothelial cell models (Fig. 4e, f) . Thus, inhibition of mTORC2/Akt protects HUVECs against replicative senescence and SISP. Nrf2 was involved in the regulation of mTORC2 in endothelial senescence It is still unclear how mTORC2/Akt leads to endothelial senescence. Accumulating evidence indicates that oxidative stress is one of the leading causes of cellular senescence [4] , and Nrf2, the pivotal cell defense response against oxidative stress, plays an essential role in preventing endothelial senescence [32] . It was hypothesized that Nrf2 may be involved in the regulation of mTORC2 in endothelial Fig. 3 Repression of mTORC2 formation alleviated endothelial senescence. a HUVECs were transfected with different concentrations of Rictor siRNA or the negative control (NC, nonspecific siRNA) for 48 h; then, cells were harvested for Western blotting analysis for the detection of Rictor, n = 3. b HUVECs transfected with 100 nM Rictor siRNA were harvested for Western blotting analysis for the detection of mTOR and pmTOR-S2481, n = 3. c HUVECs carrying NC siRNA or Rictor siRNA were grown with or without H 2 O 2 , and the p-Akt and Akt protein levels were detected, n = 3. d HUVECs transfected with different concentrations of Rictor siRNA were incubated with or without H 2 O 2 and then subjected to β-gal staining, n = 3. e Replicative senescent HUVECs transfected with different concentrations of Rictor siRNA were subjected to β-gal staining, n = 3. f HUVECs carrying NC siRNA or Rictor siRNA were grown with or without H 2 O 2 , and the p53 and p21 protein levels were detected, n = 3-6. g Young and replicative senescent HUVECs were transfected with Rictor siRNA, and the p53 and p21 protein levels were detected, n = 3. β-Actin served as the loading control. The bar graphs show the expression levels. Data are shown as the means ± S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001 vs. NC group or young group; (Fig. 5a-c) . Notably, when these senescent cells were transfected with si-Rictor to reduce the integrity of mTORC2, the decrease of Nrf2 expression was reversed (Fig. 5a-c) . These observations thus suggest that mTORC2 might be involved in the regulation of Nrf2 transcription. Moreover, Nrf2 depletion significantly reversed the decrease of p21 expression induced by Rictor knockdown in H 2 O 2 -induced SIPS (Fig. 5d) . These data suggest that mTORC2 triggers endothelial senescence through suppressing Nrf2 transcription. mTORC2 attenuated the transcription of Nrf2 in an Akt-GSK-3β-C/ EBPα-dependent manner To further explore the mechanisms by which mTORC2 regulates the transcription level of Nrf2, the transcription factor upstream of Nrf2 was predicted using the AliBaba2.1 website (http://generegulation.com/pub/programs/alibaba2/index.html). As shown by the predicted results, numerous potential transcriptional factors were identified, including C/EBPα, AP-1, c-Jun, and Oct-1 (Supplementary information). Further experiments were conducted to investigate the potential role of these transcriptional factors involved in the regulation of mTORC2 in Nrf2 transcription by repressing mTORC2 through Rictor knockdown. According to our results, Rictor depletion recovered the attenuation of phosphorylated C/EBPα (Thr222/226) in HUVECs induced by H 2 O 2 , whereas the total expression of C/EBPα was unchanged (Fig. 6a) . In addition, upregulation of Nrf2 mRNA by Rictor deficiency was markedly overcome by C/EBPα depletion (Fig. 6b) . Therefore, these findings indicate that C/EBPα is involved in the downstream signaling of mTORC2 and participates in the regulation of Nrf2 transcription.
Since the transcriptional activity of C/EBPα is activated through its phosphorylation at Thr222 and Thr226 by GSK-3β [33, 34] and the activity of GSK-3β is inhibited when it is phosphorylated by Akt [35] , the activity of GSK-3β was studied in Rictor-silenced cells. Phosphorylation of GSK-3β, which indicates inhibition of GSK-3β, was enhanced by H 2 O 2 treatment, but was reduced in Rictor genesilenced cells (Fig. 6c) . These observations thus suggest that Rictor depletion may increase the activity of GSK-3β, subsequently enhancing the transcriptional activity of C/EBPα to increase Nrf2 transcription.
Taken together, these results raise the possibility that mTORC2 suppresses the mRNA level of Nrf2 via the mTORC2/ Akt/GSK-3β/C/EBPα axis, which contributes to the development of endothelial cell senescence.
DISCUSSION
In recent years, mTORC2 has attracted extensive attention because it participates in various cellular processes, including cytoskeletal remodeling, cell metabolism, ion transportation, and cell migration [36] . mTORC2 has been identified as a vital kinase that modules the phosphorylation of several members of the AGC (PKA/PKG/PKC) family of protein kinases [37] . The most important role of mTORC2 is the phosphorylation and activation of Akt, a key effector of insulin/PI3K signaling [31] , which promotes cell survival, proliferation, and growth through the phosphorylation of several key substrates, such as the FoxO1/3a transcription factors and metabolic regulator GSK-3β [11] . Currently, the role of mTORC2/ Akt in cellular senescence, in particular, vascular endothelial cell senescence, which is associated with the development of various vascular diseases, is still undetermined. Thus, the present study was designed to investigate the regulatory role of the mTORC2/ Akt signaling pathway in endothelial senescence. During both inducible senescence and replicative senescence in HUVECs, the assembly of mTORC2, which is characterized by the binding of Rictor to mTOR, was observed to be increased. Because mTORC1 and mTORC2 contain differentially phosphorylated mTOR and intact mTORC2 is necessary for mTOR phosphorylation at Ser2481, phosphor-Ser2481 is regarded to be a marker of intact mTORC2 [30] . Our observations showed that phosphorylation of mTOR at Ser2481 was augmented in the senescent endothelial cell models, further confirming that mTORC2 formation is enhanced in endothelial senescence. Moreover, the phosphorylation level of Akt on Ser473 was augmented in senescent HUVECs, indicating that mTORC2 is activated during endothelial senescence. In line with the previous findings that mTORC2 exhibits age-associated activation in various fasted male mouse tissues, including the liver, Fig. 5 Nrf2 was involved in the regulation of mTORC2 in endothelial senescence. HUVECs were exposed to H 2 O 2 and co-incubated with Rictor siRNA or negative control siRNA (NC, nonspecific siRNA). Then, Western blot analysis was performed to determine the a protein and b mRNA expression of Nrf2, n = 4. c Young and replicative senescent HUVECs were transfected with Rictor siRNA or NC siRNA, and mRNA expression of Nrf2 was detected by qRT-PCR, n = 3. d HUVECs were transfected with NC siRNA or Rictor siRNA with or without siNrf2, followed by incubation with H 2 O 2 , and the protein expression of p53 and p21 was detected by Western blotting, n = 4. β-Actin served as the loading control. The bar graphs show the expression levels. Data are shown as the means ± S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001 vs. NC group or young group; muscle, and heart [38] , these results provide evidence that activation of mTORC2 is involved in cellular senescence and age-dependent disorders. The present findings demonstrate that activation of the mTORC2/Akt signaling pathway plays a causative role in both inducible and replicative endothelial senescence. This conclusion is supported by the observations that disruption of Rictor, the essential component of mTORC2, or treatment with the Akt inhibitor MK-2206 significantly reduced SA-β-gal staining and downregulated the expression of the cyclin-dependent kinase inhibitors p53 and p21 in senescent HUVECs induced by H 2 O 2 or culture replication. These results are consistent with previous studies showing that activation of mTORC2 by arginase 2 prompts endothelial senescence and leads to the formation of an atherosclerotic plaque [28] and that Akt activation accelerates endothelial cell senescence through a p53-/p21-dependent pathway [39, 40] , confirming that activation of mTORC2/Akt facilitates the development of endothelial senescence. However, the present findings diverge from previous observations indicating that mTORC2/Akt activation by 14,15-epoxyeicosatrienoic acid delays endothelial senescence [18] . It is possible that these discrepancies are due to differences in cell types and experimental settings. The present results do not permit further speculation on the reasons for these apparent discrepancies.
Our study also attempted to explore the mechanisms by which mTORC2/Akt leads to endothelial senescence. Oxidative stress is the most important mediator of endothelial senescence [4] . Accumulating evidence has suggested that the increase in intracellular reactive oxygen species (ROS) by Akt activation is an important cause of cellular senescence [41, 42] . Thus, the involvement of the redox balance regulator Nrf2 in mTORC2/Akt activation was investigated. Nrf2 has been recognized as a pivotal participant in pro-longevity signaling pathways due to its capacity of upregulating ROS-scavenging proteins and antioxidant enzymes [43] . Activation of the Nrf2-dependent cellular antioxidant defense system prevents senescence [44] [45] [46] , whereas inhibition of Nrf2 significantly promotes cellular senescence [47] [48] [49] , demonstrating the protective role of Nrf2 against senescence. The expression and activity of Nrf2 have been observed to be reduced during aging [46, 50, 51] . Likewise, our work also showed that the mRNA and protein levels of Nrf2 were decreased in endothelial senescence. Of note, depletion of Rictor reversed the reduction of Nrf2 mRNA expression in both inducible senescence and replicative senescence, indicating that Nrf2 is involved in the regulation of mTORC2 signaling in endothelial senescence. However, Rictor knockdown did not alter either the phosphorylation level or nuclear translocation of Nrf2 (data not shown). Therefore, our study suggests that mTORC2 facilitates the repression of Nrf2 at the transcription level rather than affecting its transcriptional activity during endothelial senescence. Furthermore, Nrf2 deficiency reversed the inhibitory effect of Rictor silencing on endothelial senescence, confirming that mTORC2 regulates endothelial senescence via Nrf2.
To further explore the molecular mechanisms by which mTORC2/Akt regulates Nrf2, potential transcriptional factors responsible for Nrf2 transcription were predicted by AliBaba2.1. Among all of the predicted transcriptional factors, C/EBPα was identified to be involved in the regulation of mTORC2/Akt in Nrf2 transcription. This conclusion is based on the following observations: the activity of C/EBPα, reflected by its phosphorylation at Thr222 and Thr226, was attenuated in H 2 O 2 -induced endothelial senescence, but was reversed when Rictor was silenced, and C/ EBPα depletion reversed the upregulation of Nrf2 mRNA by Rictor knockdown. We further showed that GSK-3β, which activates C/ EBPα through phosphorylating it at Thr222/226 [33, 34] , was activated in Rictor-silenced cells. Because Akt is able to directly phosphorylate GSK-3β to inhibit its activity [35] , it is obvious that GSK-3β serves as the downstream signal of mTORC2/Akt and the upstream signal responsible for C/EBPα transactivation. Thus, these findings support the hypothesis that the Akt/GSK-3β/C/EBPα signaling pathway is indispensable for the regulation of mTORC2 in Nrf2 transcription. Of note, mTORC2 has also been reported to be an upstream activator of mTORC1 [11] , which triggers endothelial senescence through upregulation of cyclin-dependent kinase inhibitors and suppression of autophagy [23, 24, 28] . It seems possible that the deleterious role of mTORC2 in endothelial senescence is also attributed to the activation of mTORC1. However, our observations showed that knockdown of Rictor did not alter the expression of Raptor or the phosphorylation of 4E-BP1 (the effector of mTORC1) (Supplementary Figure S1) . Thus, these results indicate that Rictor deficiency does not disturb the activity of mTORC1 and that the involvement of mTORC1 could be eliminated from the regulatory effect of mTORC2 on endothelial senescence. Moreover, treatment with rapamycin, the mTORC1 inhibitor, did not influence the mRNA level of Nrf2 (Supplementary Figure S2) , further suggesting that the suppression of Nrf2 expression by the mTORC2/Akt/GSK-3β/C/EBPα signaling pathway is independent of mTORC1.
As a limitation, the present study only investigated the regulatory role of mTORC2/Akt in endothelial cell senescence in vitro. It would be interesting and critical to explore whether suppression of mTORC2/Akt signaling pathway can rejuvenate aged blood vessels in vivo. In fact, previous findings demonstrate that inhibition of mTORC2/Akt by chorionic treatment with rapamycin or a genetic knockout of Akt prevents vascular senescence in a diet-induced obesity mouse model [29] . Further studies using aged animal models or cardiovascular disease models should be performed to unmask the exact role of mTORC2/Akt in the development of endothelial senescence.
In conclusion, the present study provides evidence that the formation and activity of mTORC2 are increased in both inducible and replicative endothelial senescence and that the activation of the mTORC2/Akt signaling pathway facilitates the development of endothelial senescence. Regulation of mTORC2 in endothelial senescence is at least partially due to the suppression of Nrf2 expression at the transcriptional level via the Akt/GSK-3β/C/EBPα signaling pathway. Strategies targeting inhibition of mTORC2 might ameliorate endothelial senescence and suggest therapeutic potential for aging-associated diseases and vascular diseases.
